Abstract As has been observed in several European countries, the frequency of Fusarium head blight (FHB) caused by members of the Fusarium graminearum species complex (FGSC) has increased in Norwegian cereals in recent years, resulting in elevated levels of deoxynivalenol in cereal grains. The objective of this study was to determine if this increase was associated with changes in FGSC composition within Norway. FGSC isolates collected from wheat, oats and barley in Norway during two periods, mainly 1993-1998 and 2004-2007, were characterized to determine species and trichothecene genotype composition and to assess levels of genetic variation and population structure. In vitro growth rates at different temperatures and aggressiveness in spring wheat were further characterized for a sub-selection of isolates. All Norwegian isolates were identified as F. graminearum. The 3-acetyl-deoxynivalenol (3-ADON) trichothecene type was dominant. However, isolates with the 15-ADON chemotype were detected in Norway for the first time and may represent a recent introduction of this trichothecene type. Bayesian-model based clustering and analyses of genetic differentiation indicated the persistence over the last 20 years of two sympatric and partially admixed populations of F. graminearum in Norway. Significant differences in average in vitro growth rates and aggressiveness were observed between these two populations. Our results demonstrate that the recent increase in prevalence of the FGSC in Norwegian cereals do not correspond to any dramatic changes in FGSC species or trichothecene chemotype composition. However, significant changes in population frequencies were observed among Norwegian F. graminearum.
Introduction
Fusarium head blight (FHB) is a disease of small grain cereals, which can cause major losses due to yield reduction and contamination of grain with trichothecenes and other mycotoxins. The global incidence of FHB has increased over the past several decades (Goswami and Kistler 2004) and the International Maize and Wheat Improvement Centre has recognised FHB as a major factor limiting cereal production worldwide (Stack 2000) . Because of their ability to inhibit protein synthesis and modify immune function in eukaryotes, trichothecenes pose a significant risk to food and feed safety (Rocha et al. 2005) . The global re-emergence of FHB has been linked to the increased adoption of reduced tillage practices and greater precipitation during the growing season, which favour development of FHB pathogens (Bateman et al. 2007; DillMacky and Jones 2000; Xu et al. 2005) . Similar changes in reduced tillage practices and precipitation during the growing season have been reported from Norway (Tørresen et al. 2012 ). This may have contributed to the substantial increase in the overall Fusarium spp. infection levels in cereal seeds, as well as the increased levels of trichothecene contamination in cereal grains, observed in Norway in recent years (Bernhoft et al. 2013) . During the same period, members of the Fusarium graminearum species complex (FGSC) have become more prevalent in several European countries (Chandelier et al. 2011; Jennings et al. 2004; Stępień et al. 2008; Waalwijk et al. 2003) including the Nordic countries (Bernhoft et al. 2010; Fredlund et al. 2008; Nielsen et al. 2011; Yli-Mattila 2010) , partly replacing other Fusarium species.
Members of the FGSC are major agents of FHB worldwide (Goswami and Kistler 2004) . Sixteen phylogenetically distinct species have been identified within the FGSC (O'Donnell et al. 2000; O'Donnell et al. 2008; O'Donnell et al. 2004; Starkey et al. 2007; YliMattila et al. 2009; Sarver et al. 2011) . F. graminearum has a cosmopolitan distribution (O'Donnell et al. 2000; Backhouse 2014 ) and is the dominant member of the FGSC in Europe (Laday et al. 2004; O'Donnell et al. 2004; Toth et al. 2005; Yli-Mattila et al. 2009 ). In fact, F. graminearum has been the only representative of the FGSC reported from Europe with the exception of a small number of F. boothii and F. vorosii isolates from Hungary (Toth et al. 2005; Starkey et al. 2007 ), a similarly small numbers of F. cortaderiae and F. boothii × F. graminearum hybrids from France (Boutigny et al. 2014) , and two F. cortaderiae isolates from Italy (Somma et al. 2014) . Species within the FGSC produce type B trichothecenes such as deoxynivalenol (DON) and nivalenol (Aoki et al. 2012) . The DON-producing species accumulate primarily 3-acetyldeoxynivalenol (3-ADON) or 15-acetyldeoxynivalenol (15-ADON) in addition to DON (Miller et al. 1991) . Variation in trichothecene chemotypes may have important implications for toxicity (Forsell and Pestka 1985; Luongo et al. 2008; Minervini et al. 2004 ). In addition, chemotype differences have been maintained by selection and may have important consequences for pathogen fitness in different environments (Ward et al. 2002) . In Europe, 15-ADON is observed in South and Central European countries (Boutigny et al. 2014; Jennings et al. 2004; Talas et al. 2011; Toth et al. 2005) , whereas in northwestern parts of Europe, 3-ADON has dominated (Fredlund et al. 2013; Langseth et al. 1999; Nielsen et al. 2012; Yli-Mattila et al. 2009 ).
Improved understanding of the dramatic species and trichothecene chemotype diversity within the FGSC has led to the recognition of recent regional changes in FGSC composition. In Denmark, Nielsen et al. (2012) suggested that 15-ADON was introduced along with F. graminearum around the year 2000, and was more prevalent than 3-ADON in wheat, whereas the opposite was true in oats and barley. In North America, putatively introduced populations of F. graminearum with the 3-ADON type have been replacing the resident 15-ADON population in some regions Ward et al. 2008) . In Louisiana and Uruguay ( U m p i é r r e z -F a i l a c h e e t a l . 2 0 1 3 ) , w h e r e F. graminearum with the 15-ADON chemotype is dominant, significant NIV-producing populations of F. asiaticum were recently detected on wheat in major rice-producing areas. In China, F. asiaticum of the 3-ADON type is replacing NIV producing F. asiaticum in some regions (Zhang et al. 2012 ). In the Canadian and Chinese studies, phenotypic differences were noted that could explain the spread of a novel population and a rapid shift in population frequencies. In Canada, Ward et al. (2008) observed that the emerging 3-ADON populations had higher fecundity (conidia production), larger conidia spores, higher growth rates, as well as higher production of DON compared to the 15-ADON population. In China, F. asiaticum of the 3-ADON type were rapidly replacing populations characterized by the NIV type and were more aggressive on wheat, more toxigenic, produced more and larger conidia, had higher growth rates, and were resistant to higher concentrations of benzimidazole (Zhang et al. 2010 (Zhang et al. , 2012 . These authors speculated that the observed phenotypic differences could provide fitness advantages to a population resulting in a range expansion and significant changes in population frequencies. Collectively, these studies have revealed significant changes in FGSC composition that may have consequences for cereal production and food safety. The major objective of our study was to determine if the recent increase in FGSC prevalence in Norwegian cereals was accompanied by changes in the genetic and phenotypic diversity of these pathogens collected over a time period of 20 years.
Material and methods

Isolate collection
One-hundred and twenty-six single spore isolates morphologi cally identified as mem bers of the F. graminearum species complex were used in this study (Table 1) . One-hundred and five of these isolates were of Norwegian origin. Forty-seven of the Norwegian isolates were obtained from existing culture collections at The Norwegian Veterinary Institute and Bioforsk Plant Health and Plant Protection (Norway) and were collected between 1982 and 1998 (defined as old isolates). In total, 25 of these isolates were from oats, 15 isolates were from barley, and five from wheat. Data on the host plant was not available for two of the isolates. Fiftyeight isolates were obtained from cereal grain samples collected at Bioforsk in the period 2004-2007 (new isolates) . In total, 39 of these isolates were from wheat seeds, 17 from oats, and one from barley. Data on the host plant was not available for one of the isolates. For comparison, FGSC isolates from Germany (a total of nine isolates; seven old, two new), Finland (a total of four isolates, all old), and Russia (a total of eight isolates; five old, three new) were included in the study. The isolates of German origin were kindly sent us from Ludwig Niessen, Technical University of Munich, Germany and Paul Nicolson, John Innes Centre, UK. The isolates of Finnish and Russian origin were sent to us from Tapani Yli-Matila, University of Turku, Finland. Details about the Finish, Russian and German isolates were previously published (Carter et al. 2002; Yli-Mattila et al. 2009 ). More details regarding the isolate collections are presented in Table 1 . The original culture names are indicated for those single spore isolates that originated from existing cultures.
Genetic characterization
MLGT
All 126 of the FGSC isolates were analysed using a multilocus genotyping assay (MLGT) for identification of species and trichothecene genotype as described by Ward et al. (2008) with additional species probes described by O'Donnell et al. (2008) , Sarver et al. (2011), and Yli-Mattila et al. (2009) . DNA extraction was performed as described by Umpiérrez-Failache et al. 2013. In vitro production of trichothecenes was analysed for three 3-ADON and three 15-ADON genotypes using liquid chromatography coupled to a linear ion trap mass spectrometer. Since the two ADON isomers are practically impossible to separate by chromatographic methods, spectra from fragmentation (MS 2 /MS 3 ) of the [M+acetate] − ions of a putative acetylated DON in the culture extracts were compared with those of authentic standards. The most obvious difference in the fragmentation spectra between a 3-and 15-acetylated DON was the presence of a prominent −30 Da product ion in the spectra of the former most likely due to cleavage of the CH 2 OH sidegroup attached to C-6. Such a fragment ion was absent in the spectra of 15-ADON, and thus this feature could be used to distinguish between the two isomers.
VNTR
Analysis of population structure was conducted for all 126 isolates using the variable number of tandem repeat (VNTR) markers described by Suga et al. (2004) at locus HK913, HK1043, HK1073, HK967, HK977, HK1059, HK630, and HK957. Data acquisition was performed as described by Ward et al. (2008) . Resulting fragments were scored relative to an internal size standard using an ABI3100 Genetic Analyzer with GENEMAPPER 3.7 software (Applied Biosystems).
Data analysis
Analysis of genetic structure within Norwegian F. graminearum isolates was conducted using STRU CTURE version 2.3 (Pritchard et al. 2000) . The analyses were based on VNTR allele size data. We used the admixture model with correlated allele frequencies, values of K from 1 to 10, and 100 000 iterations based on the Markov Chain Monte Carlo (MCMC) method after a burn-in period of 100 000. The appropriate value of K was evaluated according to ΔK (Evanno et al. 2005) , calculated from 20 runs of each K. Average gene diversity (H), mean number of pairwise differences (PWD), genetic differentiation at the population level (F ST -based genetic distance), and analysis of molecular variance (AMOVA) was estimated within Norwegian F. graminearum using Arlequin version 2.0 (Schneider et al. 2000) . Pairwise F ST distance estimates were calculated based on the number of different alleles. The statistical significance of F ST distances was assessed 
The isolates originated from culture collections at Bioforsk Plant Health and Plant Protection (Bioforsk), The Norwegian Veterinary Institute (NVI), Technical University of Munich, Germany (TUM), University of Turku, Finland (UT), and John Innes Centre, Norwich, UK (JIC). When single spore isolates were generated from existing F. graminearum cultures, the original isolate names are indicated in brackets. More details about the isolate collections are presented in materials and methods. Country of origin is identified as: Norway (NOR), Germany (DEU), Russia (RUS), Finland (FIN). Location in Norway is identified as: Southwest (SW), Southeast (SE), Upper-east (UE) of the main cereal growing district in Norway (Østlandet), and Mid-Norway (MN). m.d. = missing data, na = not analysed, * represents isolates selected for studies of in vitro growth and aggressiveness, Year = year of origin. Trich. = trichothecene genotypes a Population structure was inferred by applying Bayesian-model based clustering of VNTR size data in STRUCTURE software v. 2.3 (Pritchard et al. 2000) using permutation tests with 1000 permutations. Differences in H and PWD were tested using a one sided two-sample t-test in MiniTab version 16 (Minitab Inc 2009), with 'Groups within population 1 have H or PWD equal to the groups within population 2' as the null hypotheis, and 'Groups within population 1 have lower H or PWD than the groups within population 2' as the alternative hypothesis. Calculations of pairwise genetic distances for haploid data (Huff et al. 1993) , followed by a principal coordinate analysis (PCA) of the distance matrix (Orloci 1978) , were used to further evaluate the major genetic patterns within Norwegian F. graminearum isolates, as well as for the Norwegian isolates compared to a selection of European F. graminearum isolates. Calculations of pair-wise genetic distances and PCA were performed in GenAlEx version 6.5 Smouse 2006, 2012) . The genetic differentiation between our Norwegain F. graminearum populations and the Canadian F. graminearum populations described by Ward et al. (2008) was assesed by pairwise F ST as described above.
The difference in the relative proportions of new isolates among the Norwegian F. graminearum populations was tested using Fisher's exact test (Minitab Inc 2009) with 'The relative proportions of new isolates are equal in both populations' as the null hypotheis and 'The relative proportion of new isolates differs between the two populations' as the alternative hypothesis. The difference in the relative proportion of population 2 isolates in the new versus the old Norwegian F. graminearum collections was tested accordingly. The associations beween host and populaion, or host and age of collection, were tested using a Chi-Square test (Minitab Inc 2009) with 'There is no association between host and population (or age of collection)' as the null hypothesis, and 'There is an association between host and population (or age of collection)' as the alternative hypothesis. Where significant associations were observed, the results were further interpreted on the basis of Chi-square contributions.
Phenotypic traits
In vitro fungal growth
In vitro growth of 21 Norwegian F. graminearum isolates was measured on PDA (potato dextrose agar) at four temperatures. The isolates were selected based on M L G T i d e n t i f i c a t i o n o f t h e s e i s o l a t e s a s F. graminearum and based on a preliminary AFLP analysis to ensure that different genotypes were included in the analysis of phenotypic traits. Nine centimetre petri dishes with PDA were inoculated with agar plugs (5 mm) of actively growing mycelium and were sealed with parafilm. The diameters of the fungal colonies were measured after 1 and 7 days of growth in darkness at 10 and 15°C, and after 1 and 3 days of growth in darkness at 20 and 25°C. Within each replicate of the experiment, the growth rate for each fungal isolate was calculated as the average daily radial growth of mycelium within the time period between the two growth measurements in three replicate dishes. The experiment was conducted three times.
Production of perithecia on carrot agar was evaluated at 15, 20 and 25°C for these 21 isolates as previously described (Gilbert et al. 2008 ). This experiment was not repeated.
Aggressiveness
Aggressiveness was evaluated for the same group of F. graminearum isolates as used in the growth rate study. Spring wheat cultivar Zebra were sown in 19-cm pots (seven plants per pot) containing a fertilized mixture of sand and peat (P-jord from LOG containing 70 vol% sphagnum peat H2-H4 + 20 vol% sphagnum peat H6-H8 + 10 vol% sand, N=950 mg l ) for about 2 weeks. MBA was prepared as described previously (Dill-Macky 2003) . Conidia were then washed off the agar surface with distilled water, and one ml of spore suspension (5×10 5 conidia ml ) was transferred to new MBA plates. After 11 days of growth at the same temperature and light conditions as above, conidia were washed off the agar surface and diluted in distilled water to a final inoculum concentration of 1×10 5 conidia ml −1 . The wheat plants were inoculated at flowering. For each of the 21 selected F. graminearum isolates, spikes within four separate pots were inoculated within each replicate of the experiment. Within each pot, one spikelet on 10 separate wheat heads at the same growth stage were inoculated with a 10 μ l droplet of a F. graminearum spore suspension by using a micropipette. Distilled water was used in the non-inoculated control. After inoculation, the wheat heads were covered with moistened plastic bags for 48 h. The plants were further grown in a greenhouse under the same conditions as prior to inoculation. Disease symptoms were scored as the number of bleached spikelets from the inoculation point and downwards in each head at 1.5, 2.5 and 3.5 weeks after inoculation. The four replicate pots for each isolate were placed randomly at separate locations in the greenhouse room both during cultivation and after inoculation. The experiment was repeated tree times.
Data analysis
In order to assess differences in in vitro growth rates between F. graminearum isolates, average growth rates recorded for each isolate within each experiment were subjected to statistical analysis. Within each replicate of the experiment, there were three petri dishes of each isolate within each temperature regime. The experiment was conducted three times. In the third replicate of the experiment, the temperature regime at 25°C was excluded from the data analysis as the temperature was not stable throughout the experiment. To study differences in aggressiveness between F. graminearum isolates, the average numbers of bleached spikelets per spike registered below the point of inoculation after 3.5 weeks of incubation for each isolate of F. graminearum within experiment were used in the statistical analysis. The experiment was conducted three times and within each replicate of the experiment, 40 spikes were inoculated within each isolate.
Significant differences in growth rates or aggressiveness between individual isolates were separated by applying analysis of variance based on the general linear model (GLM), creating pairwise comparisons and 95 % confidence intervals according to Tukey's method in MiniTab version 16 (Minitab Inc 2009). Significant differences in growth rates, or aggressiveness, between groups of isolates (population 1 versus population 2, 15-ADON versus 3-ADON genotypes, new versus old isolates) were separated by applying analysis of variance based on GLM and Tukey's method in MiniTab version 16, including replicate experiment, age, trichothecene genotypes, and population as factors in the model.
Results
Species identification and trichothecene genotypes
Using the MLGT assay, all isolates were identified as F. graminearum. The trichothecene genotypes of the 126 F. graminearum isolates included in this study are presented in Table 1 . The vast majority (101) of the 105 Norwegian F. graminearum isolates had 3-ADON genotypes. Only four isolates (ID 200594, 200632, 200650 and 200837) were identified with 15-ADON genotypes, and these were all isolated in 2006 or 2007. Chemotype predictions based on trichothecene genotypes were confirmed by in vitro analyses of trichothecene metabolite profiles for three isolates of each chemotype. Among the F. graminearum isolates of German, Finish or Russian origin, eight had 3-ADON genotypes and 13 were identified with 15-ADON genotypes.
Genetic characterization
Genetic diversity
The eight primer combinations used for VNTR analysis resulted in 60 alleles with sizes in the range of 131-357 base pairs. PCA analysis based on VNTR data from 126 F. graminearum isolates revealed a sub-division of isolates that was connected to chemotype differences (Fig. 1) . This analysis grouped 16 of the 17 15-ADON isolates together with three 3-ADON isolates (the latter were one Norwegian and two Russian isolates). The same group also contained 14 of the 17 German and Russian isolates, and all Norwegian 15-ADON isolates. The remaining group consisted of 99 % of the Norwegian 3-ADON isolates together with two German isolates (one 15-ADON and one 3-ADON), one Russian 3-ADON isolate, and all four Finish isolates (all 3-ADON). The first three principal coordinates accounted for 49.4, 17.2, and 13.1 % of the total variation.
Genetic structure within Norwegian F. graminearum VNTR data were further analyzed with STRUCTURE software to identify possible genetic clusters among the Norwegian F. graminearum isolates. Although K=5 resulted in the highest log probability of the data (−439) K=2 resulted in the highest ΔK (>20). ΔK for any of the other tested K values was less than 12. K=2 had a higher log probability of the data (−542) than K=1 (−638). Therefore, it was concluded that division of the Norwegian isolates into two genetic clusters captured the major genetic structure in our data set, with higher log probabilities associated with K = 5 possibly reflecting lower-level substructure in the data. Assignment of each Norwegian F. graminearum isolate to one of the two populations derived from Bayesianmodel based clustering are presented in Table 1 . Population 1 was predominant (59.1 %) among all the isolates tested. Note that all four of the 15-ADON isolates from Norway were assigned to population 2. The two population clusters didn't correspond to clear differences in demographic data, including host, period or location of geographic origin (results not shown), and the lack of correspondence between genetic structure and demographic data was confirmed by AMOVA and F ST analyses (results not shown). Interestingly, the frequencies of these two populations changed significantly between the old (1982-1998) and new (2004-2007) sampling periods (P<0.005). Population 1 predominated among the older isolate collection (76.6 %), whereas population 2 accounted for a majority of the isolates from the newer isolate collection (55.2 %). There was a significant association between the age of the collections and host, as a higher relative frequency of wheat, and a lower relative frequency of barley was observed in the new compared to the old isolate collection (p<0.001). However, no association was observed between population and host (p=0.070). Isolates from all locations were represented in both populations (Fig. 2) . These results demonstrated that both populations co-existed Populations were defined by STRUCTURE software. Four Norwegian F. graminearum isolates were not included in the figure due to unknown origin at the same locations and on the same hosts during the same time periods.
The presence of genetic structure was supported by a high fixation index (F ST of 0.34, p<0.001). A high degree of variation among (31.5 %) and within (66 %) the two populations was identified via AMOVA (Table 2) . Sub-division of old and new groups of isolates within each population (i.e. Old-1 versus New-1 and Old-2 versus New-2) was almost absent (2.2 % of the total variation). This was further supported by high pairwise F ST values between temporal groups from different populations (F ST in the range 0.28-0.45, all significant at p<0.001) (Table 3) , whereas F ST values between groups within each population were low and not significant (F ST <0.04, p>0.08). Correspondingly, the two populations were separated in the PCA analysis, whereas the temporal groups within each population were overlapping (Fig. 3) . The two populations were less differentiated within the new isolates (F ST of 0.28) than within old isolates (F ST of 0.45), consistent with admixture reducing the genetic differentiation between the populations over time.
PWD and H were significantly higher in groups within population 2 (PWD of 2.75-3.45 and H of 0.34-0.43) than for the groups within population one (PWD of 1.39-1.75 and H of 0.17-0.22; p≤0.05), except for average genetic diversity in Old-2 (H of 0.34) and New-1 (H of 0.22) ( Table 4) . Groups within each population were not statistically different in terms of H and PWD (p>0.05). The analysis of genetic differentiation between Norwegian and Canadian F. graminearum populations resulted in F ST values >0.3 (p<0.001), indicating no close relationship between these populations.
Phenotypic traits
Eleven of the 62 Norwegian F. graminearum isolates in population 1, and 10 of the 43 Norwegian F. graminearum isolates in population 2, including all four 15-ADON genotypes, were analysed in the phenotypic studies.
In vitro fungal growth
The average radial mycelial growth rate on PDA increased with increasing temperature for all except one (200835) of the 21 F. graminearum isolates (Fig. 4a) . Increasing the incubation temperature from 10 to 25°C had negligible influence on average growth rate for fungal colonies of this isolate, and it was therefore not included in the statistical analyses. The average growth rates (and standard deviations) across the remaining F. graminearum isolates were 3.2 (0.6), 4.6 (0.8), 8.4 (2.7) and 13.7 (3.3) mm per day at 10, 15, 20 and 25°C respectively (Fig. 4a ). Significant positive correlations ranging from 0.82 to 0.92 were observed when comparing growth rates of F. graminearum isolates at different temperatures (results not shown). Growth rates were significantly associated with population affiliation at all temperatures (Table 5) , whereas the age of isolates (old versus new) were only significantly associated with growth rate at 25°C. Lower average growth rates were recorded for isolates in population 2 compared to population 1 at all temperatures (Table 5 ). Reduced average The analysis was based on VNTR data a Pair-wise F ST for groups within each of the two main populations growth rates were also recorded for isolates in population 2 versus population 1 when only 3-ADON isolates were included (data not shown). The average growth rates were significantly associated with trichothecene genotypes at 20 and 25°C (Table 5 ). Three out of the four 15-ADON isolates had a growth rate below the average growth rate calculated across isolates within each growth temperature regime (Fig. 4a) , and significantly reduced average growth rates were registered for 15-ADON compared to 3-ADON isolates at 20 and 25°C (Table 5 ). All isolates produced perithecia on carrot agar. Additional experiments will be required to determine if there were differences in the amount of perithecia produced.
Aggressiveness
Significant differences in aggressiveness between the individual F. graminearum isolates were detected at 3.5 weeks after inoculation. At this time point, average aggressiveness on spring wheat differed from 0.9 to 7 bleached spikelets per spike between the least (200732) and the most (200646) aggressive isolate (Fig. 4b) . A similar range of aggressiveness was observed between isolates collected in the period prior to 1999 (old isolates) and isolates collected after year 2003 (new isolates). According to Tukey's method at a 95.0 % confidence interval, the aggressiveness in old compared to new isolates was not significantly different (results not shown). Isolates 200630, 200650, 200646 and 200736 had a significantly higher aggressiveness than isolates 200732 and 200726, while no significant differences in aggressiveness were registered between the remaining isolates according to Tukey's method at a 95.0 % confidence interval. No significant difference in average disease development (average number of bleached spikelets per spike of 4.1) was registered between the three replicate experiments at 3.5 weeks after inoculation.
To study the association between genotypic traits and aggressiveness, data on 21 isolates were included in the statistical analysis. Aggressiveness was significantly associated with both trichothecene genotype and population affiliation (p<0.002), whereas no significant effect was detected for isolates' age or for replicate of the experiment. Significantly higher average aggressiveness was registered for population 1 compared to population 2 (Table 5 ). Higher average aggressiveness was also registered for population 1 compared to population 2 when only 3-ADON isolates were included in the analysis (data not shown). The 15-ADON genotypes included in this study had an aggressiveness ≥4.1 (which was the average aggressiveness across all isolates measured after 3.5 weeks of incubation) (Fig. 4b) , and significantly higher average aggressiveness was registered for 15-ADON compared to 3-ADON isolates (Table 5) . Tajima (1983 Tajima ( , 1993 using Arlequin version 2.0 c Average gene diversity over loci and standard deviation (sd, in parenthesis) was determined according to Nei (1987) and Tajima (1983) using Arlequin version 2.0
No significant correlations were registered between the degree of aggressiveness on wheat and mycelial growth rate on PDA at any of the temperatures for the 20 F. graminearum isolates included in both analyses (results not shown).
Discussion
In the present study, we characterized genetic and phenotypic diversity of Norwegian FGSC isolates and evaluated species composition, trichothecene genotype diversity, and population structure over a 20 year period. Our data indicate that F. graminearum is the only significant species within the FGSC in Norway, and point to the persistence of substantial population structure in Norwegian F. graminearum for at least 20 years, although significant differences in population frequencies and evidence of admixture were noted. In addition, these analyses documented the presence of 15-ADON genotypes of F. graminearum for the first time in Norway. The present work is the first study of FGSC species diversity in Norway. All FGSC isolates collected from Norwegian cereals were identified as F. graminearum, which is consistent with previous evidence that F. graminearum is the dominant species within this species complex in Europe (Laday et al. 2004; O'Donnell et al. 2004; Toth et al. 2005; Yli-Mattila et al. 2009; Talas et al. 2011; Boutigny et al. 2014) . F. graminearum is also dominant in the United States and Canada (Starkey et al. 2007; Gale et al. 2007; Ward et al. 2008; Schmale et al. 2011) , and is found on all continents with the exception of Antarctica (O'Donnell et al. 2004; Aoki et al. 2012; Backhouse 2014) . While the species within the FGSC show a significant biogeographic structure (Aoki et al. 2012) , substantial species diversity has been observed in South America (Scoz et al. 2009; Sampietro et al. 2010; Umpiérrez-Failache et al. 2013 ), Asia (Yli-Mattila et al. 2009 Suga et al. 2008; Zhang et al. 2012) , Africa (Boutigny et al. 2011; O'Donnell et al. 2008) and New Zealand (Monds et al. 2005) . Long-distance dispersal and anthropogenic activities have the potential to alter regional pathogen composition as suggested by the recent discovery of significant populations of F. asiaticum, an Asian endemic that appears to be adapted to rice agroecosystems (Lee et al. 2009 ), on wheat in major rice production areas of Louisiana and Uruguay . However, climatic conditions in Norway and other parts of Northern Europe may create a barrier to the establishment of some FGSC species. A recent analysis of FGSC pathogen distributions on wheat in relation to climate found significant differences between F. graminearum, F. boothii, and F. asiaticum in the ranges of most climate parameters (Backhouse 2014 ). This analysis indicated that the distributions of F. asiaticum and F. boothii may be restricted by climatic conditions to a much greater extent than is the case for F. graminearum. However, similar analyses for the other members of the FGSC are lacking due to insufficient distribution information, and changes in climate or cropping practices could increase the potential for other FGSC species to become established in Norway.
The overwhelming majority of F. graminearum on cereals in Norway have 3-ADON genotypes. Correspondingly, 3-ADON, but not 15-ADON was detected in wheat, oats, and barley collected at Norwegian grain elevators in 2011 (Uhlig et al. 2013) . The 3- isolates belonging to population 2 were included in the analysis of aggressiveness, ten of these were included in the growth rate analysis c 17 3-ADON isolates were included in the analysis of aggressiveness, 16 of these were included in the growth rate analysis ADON chemotype also predominated among a small set of FGSC isolates from an earlier collection of Norwegian cereals (Langseth et al. 1999 (Langseth et al. , 2001 , and was found in oat and wheat samples collected between 2009 and 2011 in Sweden, whereas the 15-ADON chemotype was not observed (Fredlund et al. 2013; Lindblad et al. 2013 (Nielsen et al. 2012) . Our data add to a growing set of studies indicating a geographical partitioning of trichothecene types (chemotypes or genotypes) throughout Europe, with 3-ADON dominating in Northern Europe, whereas 15-ADON appears predominant in the Western and Southern Europe including the UK (Jennings et al. 2004) , Belgium (Audenaert et al. 2009 ), Italy (Prodi et al. 2009; Somma et al. 2014) , Luxembourg (Pasquali et al. 2010) , Poland (Stępień et al. 2008) , Hungary (Toth et al. 2005) , Germany (Talas et al. 2011) , and France (Boutigny et al. 2014 ).
In addition, isolates with NIV genotypes were absent from our sample, but account for at least 10 % of the FGSC isolates in some other parts of Europe (Jennings et al. 2004; Waalwijk et al. 2003; Boutigny et al. 2014; Stępień et al. 2008; Somma et al. 2014) . The distribution of trichothecene types is likely influenced directly or indirectly by a variety of factors including climate, regional host composition, agricultural practices, and the recent and historical movement of pathogen populations into new areas. A significant longitudinal cline in trichothecene chemotype frequencies in Canada was attributed to the recent introduction and spread of a novel, and potentially more vigorous, F. graminearum population with a 3-ADON chemotype . A very similar situation was described for F. asiaticum populations differing in trichothecene type in China (Zhang et al. 2010 (Zhang et al. , 2012 . Recent introductions may also account for regional differences in trichothecene chemotype composition reported in Louisiana and Uruguay, although regional differences in host composition were suggested as a major factor Umpiérrez-Failache et al. 2013) . The association between trichothecene chemotype differences and host composition was also suggested by a study in Canada reporting the prevalence of 15-ADON genotypes of F. graminearum from wheat and maize, whereas only 3-ADON genotypes were isolated from potatoes (Burlakoti et al. 2012) . Host-specific differences in trichothecene genotype frequencies were also noted in Denmark (Nielsen et al. 2012) . In contrast, regional differences in the prevalence of NIV genotypes in France were not correlated with differences in host species, suggesting that trichothecene chemotype differences did not play a major role in shaping host associations in that study.
While 3-ADON genotypes were dominant in our study, we detected four isolates with 15-ADON genotypes. The 15-ADON isolates were obtained from the two most recent years that we examined (2006 and 2007) , and no 15ADON isolates were observed in the older collection of isolates dating back to 1982. It is possible that F. graminearum with the 15-ADON trichothecene type have been present at low frequency in Norway for a long period of time and their absence from our older isolate collection is due to sampling artifacts. If 15-ADON types are preferentially associated with wheat as indicated by a recent study in Denmark (Nielsen et al. 2012 ) the relatively lower proportion of isolates from wheat in our older collection also may have contributed to a failure to sample 15-ADON types among older isolates. However, isolates producing 15-ADON were also absent in previous surveys of Norwegian isolates (Langseth et al. 1999 (Langseth et al. , 2001 , whereas in vitro production of 15-ADON was confirmed for three of the 15-ADON genotypes collected in our survey. In adition, our PCA analyses (Fig. 1) suggested a close connection between Norwegian isolates with the 15-ADON type and those from other parts of Europe. We interpret these results as indicating that strains with the 15-ADON type were recently introduced into Norway, and their association with population 2 in the Bayesian clustering analysis is likely an artefact owing to the very low frequency of these novel isolates within our Norwegian isolate collection. Nielsen et al. (2012) observed a dominance of 3-ADON in Danish small grain cereals and did not detect 15-ADON isolates until 1997, even though samples collected from as far back as 1957 were included in that analysis. The authors speculated that 15-ADON genotypes were introduced into Denmark along with F. graminearum around the year 2000 and are now the dominant type observed on wheat in that country. Infected seeds represent a risk for introducing pathogens into new areas, and imported seed lots may have introduced 15-ADON into Norway. In addition, long distance dispersal of viable F. graminearum spores is possible (MaldonadoRamirez et al. 2005; Schmale et al. 2012) . We speculate whether the increased prevalence of FGSC observed in several European countries (Chandelier et al. 2011; Jennings et al. 2004; Stępień et al. 2008; Waalwijk et al. 2003) including the Nordic countries (Bernhoft et al. 2010; Fredlund et al. 2008; Nielsen et al. 2011; YliMattila 2010) may have facilitated the introduction of the 15-DON genotypes into new areas like Norway and Denmark. As such, the prevalence of 15-ADON genotypes and associated mycotoxin levels in Norwegian cereals should be monitored.
In our analyses, isolates with 15-ADON genotypes exhibited higher levels of aggressiveness than were observed among 3-ADON isolates. However, larger numbers of strains will need to be analyzed before conclusions can be drawn about the potential significance of trichothecene chemotype variation in Norway. From a food safety perspective, the acetylated derivatives of DON are rapidly deacetylated in vivo (Eriksen and Pettersson 2004) , such that DON will be the major toxin found in grain infected with either 3-ADON or 15-ADON producers. However, potential strain or population-specific differences in the total amount of trichothecene accumulated in grain is also of concern. In analyses of Canadian F. graminearum, 3-ADON strains accumulated significantly more DON in vivo than 15-ADON strains (von der Ohe et al. 2010; Ward et al. 2008) . The prevalence of 3-ADON among Norwegian F. graminearum could therefore indicate a relatively larger threat to food safety in comparison to regions in which 15-ADON isolates predominate. However, trichothecene accumulation potential may be a population-specific feature, not tied directly to trichothecene type, and we demonstrated that the Norwegian 3-ADON producers are not closely related to the North American 3-ADON populations. Additional research is required to understand the toxin accumulation potential of Norwegian F. graminearum in relation to F. graminearum populations outside of Norway.
practices and slight changes in weather conditions (Tørresen et al. 2012) . The average precipitation during the flowering period of spring cereals (i.e. July) in the main cereal production districts (Østlandet) has gradually increased over the last 20-30 years, and has been accompanied by a slight temperature increase of 1-2°C above normal (10.8°C in July) during the last 10 years (Norwegian Meteorological Institute 2013) . Incidence of FHB is related to rainfall and temperature during the period close to anthesis (Madgwick et al. 2011) . Temperatures above 12°C facilitates the formation of perithecia by members of the FGSC (Dufault et al. 2006) . Thus, in addition to being more favorable for FHB development, the present weather conditions during cereal flowering in Norway appear more conducive for perithecia and ascospore formation by members of the FGSC. This is indeed supported by our recent studies, which demonstrated production of perithecia and ascospores of F. graminearum on inoculated maize residues under field conditions in Norway (unpublished). Although we did not observe any differences in perithecia production between the two F. graminearum populations, a more thorough study is needed to identify fitness advantages associated with the population frequency shift identified in our study.
Conclusion
In Norway, the increased prevalence of the FGSC has coincided with increased adoption of reduced tillage practices and more frequent occurrence of weather conditions favorable for FHB development. Our analyses indicate that these changes have not been associated with significant changes in FGSC species or trichothecene genotype composition within Norway. However, isolates with the 15-DON chemotype were detected for the first time in Norway, and our analyses suggest these isolates were recently introduced from other parts of Europe. In addition, we detected substantial population structure within Norway, which was associated with significant differences in aggressiveness and in vitro growth rate. Additional monitoring will be required to determine if the shift in population frequencies that we observed is indicative of a sustained trend. Understanding the combination of factors responsible for the observed shift in population frequencies and regional differences in trichothecene chemotype composition may enable a prediction of future population distribution. An implementation of relevant measures to reduce introduction and spread of novel pathogens will reduce costs for agriculture and enhance the food safety.
